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NBS1 promotes the endonuclease activity of the MRE11-RAD50 complex by
sensing CtIP phosphorylation
Anand, Roopesh ; Jasrotia, Arti ; Bundschuh, Diana ; Howard, Sean Michael ; Ranjha, Lepakshi ;
Stucki, Manuel ; Cejka, Petr
Abstract: DNA end resection initiates DNA double-strand break repair by homologous recombination.
MRE11-RAD50-NBS1 and phosphorylated CtIP perform the first resection step via MRE11-catalyzed
endonucleolytic DNA cleavage. Human NBS1, more than its homologue Xrs2 in Saccharomyces cerevisiae,
is crucial for this process, highlighting complex mechanisms that regulate the MRE11 nuclease in higher
eukaryotes. Using a reconstituted system, we show here that NBS1, through its FHA and BRCT domains,
functions as a sensor of CtIP phosphorylation. NBS1 then activates the MRE11-RAD50 nuclease through
direct physical interactions with MRE11. In the absence of NBS1, MRE11-RAD50 exhibits a weaker
nuclease activity, which requires CtIP but not strictly its phosphorylation. This identifies at least two
mechanisms by which CtIP augments MRE11: a phosphorylation-dependent mode through NBS1 and a
phosphorylation-independent mode without NBS1. In support, we show that limited DNA end resection
occurs in vivo in the absence of the FHA and BRCT domains of NBS1. Collectively, our data suggest
that NBS1 restricts the MRE11-RAD50 nuclease to S-G2 phase when CtIP is extensively phosphorylated.
This defines mechanisms that regulate the MRE11 nuclease in DNA metabolism.
DOI: https://doi.org/10.15252/embj.2018101005
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SDS-PAGE and western blotting were performed using total extracts prepared from cultured 
cells following standard procedures. The following antibodies were used at the indicated di-
lutions: rabbit anti ATMpS1981 (Eptimics, YE070901r, 1:5000), rabbit anti ATM (Calbiochem, 
PC-116, 1:250), mouse anti CtIP (Santa Cruz, sc-271339, 1:250), mouse anti NBS1 (GeneTex, 
1D7, GTX70224, 1:500), mouse anti RPA2 (Abcam,	9H8,	ab2175,	1:500), rabbit anti SMC1 
(Abcam, ab9262, 1:500), mouse anti RAD50 (GeneTex, 13B3, GTX70228, 1:1000), mouse anti 
MRE11 (Abcam, 12D7, ab214, 1:500), mouse anti Myc (GeneTex,	9E10,	GTX80249,	1:250),, 
mouse anti Tubulin (Sigma, DM1A, T6199, 1:2000). 
Clonogenic survival assay 
U2OS FlpIn T-REx cell lines were transfected with siNBS1 for 48h and then plated at low den-
sity in medium supplemented with 0.5 µg/ml doxycycline. 24 h later, the plates were ex-
posed to the indicated IR doses, followed by incubation for 12-14 days. Colonies were fixed 
and stained with Coomassie brilliant blue and the number of surviving colonies for each cell 
was counted. The percentage of surviving colonies for each cell line was calculated using the 
plating efficiencies of the non-irradiated cells as a reference. Survival experiments were car-







































its	FHA	and	BRCT	domains.	A Nuclease	assays	with	MR	and	various	NBS1	fragments	on	oligonucleotide-based	5'-end	labeled	dsDNA.	The	reaction	buffer	contained	60	mM	NaCl	and	reactions	were	in-cubated	for	2	h.	B Quantitation	of	experiments	such	as	shown	in	(A).	Averages	shown;	n	≥	3,	error	bars,	SEM.		C Nuclease	assays	with	MR	and	various	NBS1	fragments	on	M13	ssDNA.	The	reac-tion	products	were	separated	on	agarose	gels	(1.1%).	The	reaction	buffer	contained	60	mM	NaCl	and	reactions	were	incubated	for	2	h.	D Quantitation	of	experiments	such	as	shown	in	(C).	Averages	shown;	n	=	3,	error	bars,	SEM.		
	Figure	4	-	The	function	of	NBS1	in	DNA	end	resection	in	vivo.	A A	schematic	representation	of	the	NBS1	knockdown-rescue	experiments	in	U2OS	cells.	B Immunofuorescence	experiment	showing	efficient	depletion	of	NBS1	by	siRNA	and	cytoplasmic	localization	of	MRE11	in	the	NBS1-depleted	cells.	Experssion	of	myc-tagged	recombinant	NBS1	restores	MRE11	nuclear	localization.	C Western	blot	showing	efficient	depletion	of	NBS1	and	CtIP	by	siRNA	treansfection	and	expression	of	siRNA-resistant	myc-tagged	recombinant	NBS1.		D In	vivo	resection	assay	using	BrdU	staining	under	native	conditions	to	directly	de-tect	ssDNA	at	sites	of	DSBs	
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E In	vivo	resection	assay	using	RPA2	staining	as	a	marker	for	ssDNA	present	at	sites	of	DSBs	F Quantification	of	the	experiment	shown	in	D.	At	least	100	cells	were	assessed	per	condition	G Quantification	of	the	experiment	shown	in	C.	At	least	100	cells	were	assessed	per	condition	H Quantification	of	resection	activity	in	NBS1DN	cells	complemented	with	wild	type	(WT)	or	R28A	K160M	mutant	(DM)	NBS1	and	either	mock	depleted	(siCtrl)	or	depleted	of	CtIP	(siCtIP).	At	least	300	cells	were	assessed	per	condition.	Statistical	significance	was	determined	using	ordinary	one-way	ANOVA	with	Tukey’s	multiple	comparison	test.	I Quantitation	of	the	single	strand	annealing	(SSA)	reporter	assay	in	U2OS	cells.	All	cells	were	treated	with	DMSO;	where	indicated,	both	PFM03	(50	μM)	and	PFM39	(50	μM)	MRE11	inhibitors	were	added,	diluted	in	DMSO.	Averages	shown;	n	=	4,	error	bars,	SEM.				
Figure	5	-	Phosphorylation	of	CtIP	is	partially	dispensable	for	MR	stimulation	in	









B Representative	nuclease	assays	as	in	(A),	but	with	a	substrate	containing	a	nick	in	the	top	oligonucleotide	(20	nt	away	from	the	3'-end,	see	cartoon).		C Quantitation	of	experiments	such	as	shown	in	(A).	Averages	shown;	n	≥	4;	error	bars,	SEM.	D Quantitation	of	experiments	such	as	shown	in	(B).	Averages	shown;	n	=	3;	error	bars,	SEM.	E Quantitation	of	experiments	such	as	shown	in	(B).	Averages	shown;	n	=	3;	error	bars,	SEM.		





B Samples	from	a	representative	purification	of	the	MRN	complex	analyzed	by	10%	polyacrylamide	gel	electrophoresis.		C Samples	from	a	representative	purification	of	phosphorylated	CtIP	(expressed	and	purified	with	phosphatase	inhibitors)	analyzed	by	10%	polyacrylamide	gel	electropho-resis.		D Polyacrylamide	gel	stained	with	Coomassie	brilliant	blue	showing	the	partial	cleavage	of	MBP-NBS1-his	by	PreScission	protease	(PP).	The	PP	recognition	site	is	in	be-tween	the	MBP	tag	and	NBS1.	2	μg	recombinant	MBP-NBS1-his	was	incubated	for	1	h	at	4°C	with	1	μg	of	PreScission	protease.	E Nuclease	assays	with	MR	and	pCtIP	and	either	uncleaved	(left	panel)	and	partially	cleaved	MBP-NBS1	(right	panel,	~50%	cleaved)	with	PreScission	protease.	5’-end	la-beled	dsDNA	was	used	as	a	substrate.			F Polyacrylamide	gel	stained	with	Coomassie	brilliant	showing	purified	recombi-nant	MBP-NBS1-his	and	FLAG-NBS1-his.	*	indicates	truncated	product.		G Nuclease	assays	with	MR	and	pCtIP	and	either	MBP-NBS1-his	(left	panel)	or	FLAG-NBS1	(right	panel).		3’-end	labeled	dsDNA	was	used	a	substrate.			
	
Expanded	View	figure	2	(related	to	figure	2)	A Representative	nuclease	assays	with	MR,	pCtIP	and	various	MBP-NBS1-his	frag-ments	containing	MRE11-interaction	region	(MIR),	using	3’-end	labeled	dsDNA	as	a	sub-strate.		B Representative	nuclease	assays	with	MR,	pCtIP	and	various	NBS1	fragments	lack-ing	MRE11-interaction	region	(MIR)	on	3’-end	labeled	dsDNA.		C Representative	nuclease	assays	with	MR,	pCtIP	and	various	concentrations	of	MBP-NBS1∆MIR,	using	3'-end	labeled	dsDNA	as	a	substrate.		D A	representative	10%	polyacrylamide	gel	stained	with	Coomassie	brilliant	blue	showing	purified	recombinant	MRE11-his.		E Interaction	of	MRE11	with	NBS1.	MRE11	was	immobilized	on	antibody-coupled	Protein	G	agarose,	and	incubated	with	MBP-NBS1-his	or	MBP-NBS1∆MIR-his	(see	car-toon).	Bound	proteins	were	analyzed	by	western	blot	with	anti-his	antibodies.			
	 36	
Expanded	View	figure	3	(related	to	figure	3)	A Nuclease	assay	with	various	NBS1	fragments	(all	MBP	tagged	at	the	N-terminus	and	his-tagged	at	the	C-terminus)	without	MR	and	pCtIP,	using	5'-end	labeled	dsDNA	as	a	substrate.	The	reaction	buffer	contained	60	mM	NaCl	and	reactions	were	incubated	for	2	h.	B Nuclease	assay	with	MR	and	MBP-NBS1-his	(denoted	NBS1),	with	and	without	ATP	on	5'-end	labeled	dsDNA.	The	reaction	buffer	contained	60	mM	NaCl	and	reactions	were	incubated	for	2	h.	The	DNA	cleavage	reaction	requires	ATP,	in	agreement	with	ob-servations	that	ATPase-deficient	RAD50	mutants	are	incapable	of	resection	in	vivo.		C Quantitation	of	experiments	such	as	shown	in	(B).	Averages	shown,	n	=	2,	error	bars,	range.	D Nuclease	assays	with	MR	and	MBP-NBS1-his	(denoted	NBS1),	with	and	without	ATP,	using	M13	ssDNA	as	a	substrate.	The	reaction	buffer	contained	60	mM	NaCl	and	re-actions	were	incubated	for	2	h.	The	reactions	were	separated	on	1.1%	agarose	gel.	ATP	only	moderately	stimulated	M13	ssDNA	cleavage.	E Quantitation	of	experiments	such	as	shown	in	(D).	Averages	shown;	n	=	2,	error	bars,	range.	F Nuclease	assay	with	MR	and	MBP-NBS1	as	in	panel	(D),	but	with	or	without	RPA.	RPA	inhibits	M13	ssDNA	cleavage	(this	panel)	and	ATP	is	partially	dispensable	(see	pan-els	D	and	E).	In	cells,	RPA	is	ubiquitous	and	RAD50	ATPase-deficient	mutants	are	inca-pable	of	resection.	Therefore,	we	believe	that	the	M13-based	assays	do	not	accurately	mimic	the	reaction	occurring	in	vivo,	and	that	the	clipping	of	dsDNA	(see	panels	B	and	C)	is	a	better	model.		
Expanded	View	figure	4	(related	to	figure	4)	A Western	blot	of	FlpIn	T-REx	NBS1-myc	expressing	cells.	Expression	of	recombi-nant	NBS1	was	induced	for	24	h	with	doxycycline	(DOX)	prior	to	extract	preparation	B Clonogenic	survival	assay	showing	that	expression	of	siRNA-resistant	recombi-nant	NBS1	rescues	radiosensitivity	of	NBS1-depleted	cells	C Western	blot	showing	efficient	downregulation	of	CtIP	and	NBS1	in	the	HR	re-porter	assay	in	D	
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D HR	repair	reporter	assay	after	CtIP	and	NBS1	depletion.	Bars	and	error	bars	rep-resent	mean	and	SD	of	4	independent	experiments.	Statistical	significance	was	tested	by	unpaired	t-test	(p=0.0242).	E Quantification	of	resection	activity	in	wild	type	U2OS	cells	and	NBS1DN	cells.	At	least	260	cells	were	assessed	per	condition.		F Western	blot	of	extracts	prepared	from	wild	type	U2OS	cells,	NBS1DN	cells	and	NBS1DN	cells	stably	expressing	mNeonGreen	(mNG)	tagged	wild	type	(WT)	and	R28A	K160M	mutant	(DM)	full-length	NBS1,	either	mock-depleted	(siCtrl)	or	depleted	of	CtIP	(siCtIP)	by	siRNA.	Note	the	presence	of	a	presumably	hypomorphic	40	kDa	C-ter-minal	fragment	of	NBS1	(NBS1hm)	in	the	NBS1DN	cell	line.	G Immunofluorescence	of	NBS1DN	U2OS	cells	stably	expressing	mNeonGreen	(mNG)	tagged	wild	type	(WT)	and	R28A	K160M	mutant	(DM)	full-length	NBS1.	Note	that	MRE11	nuclear	localization	is	partially	impaired	in	NBS1DN	cells,	which	is	fully	rescued	by	heterologous	expression	of	NBS1.	
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